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laboratory simalation of the electr~magnetic environment assnci.ate~
.- ‘ with the nearby (eu~doatmospheric) detonation of a nuclear weaponExperiments used ~the AURORA Flash X-Ray Facility as a radiation ~ 

1
source. Notable nitlestones accompiishe4,..-duri..~ tY~6- were the
experimental verificatj.on of the exist~~ce of the ~fboundary layer
ph~ncmenon and verifi~cation of electromagnetic coupling models for
simple structures. .
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appreciative of help received from Paul Caidwell and his staff at the
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we thank Stewart Graybill , Elaus X.erria, and Denis Whittaker for their
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organization , Laboratory 1000, Robert Pfeffer managed the work during
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1 • PROG RAIQIATIC OVERVIEW

1 1. ~~jectives and Scope

The Tactical Environmsnt Multiple Systems Evaluation Program
(TSIISEP) is jointly funded at the Harry Diamond Laborator ies (HDL) by
the Army and the Defense Nuclear Agency (DNA) and i~ directed toward
vulnerability assessments and hardening of tactical military equipment
for tactical nuclear threats . Specifically, th, ultimate goals of
TVISEP are these :

-a. Develop methods to assess by analysis and exp.riissntation
the elsctrcsia gn.tic pulse (SlIP) vulnerabilities of military equipment
for .ndoatmosph.ric nuclear threats

b. Predict EMP vulnerabilities of critical military
equipment to endoatmospheric nuclear threats

a. Determine the relative •ffects on critical military
equipment of endoathospher ic and exoatmospheria nuclear threats

d. Evaluate the effectiveness of SlIP hardening measures
associated with exoatmospheric nuclear threats for protection against
.ndoatmosphsric nuclear threats

• • Recosmend appropriate SlIP hardening measures to insure
system survivability in a tactical nuclear environment.

In general , - the DNA-sponsored portion of TEMSEP addresses the
following matters: (1) the definition of SlIP environmental criteria for
tactical scenarios , (2) the development of interaction and coupling
technology for critical tactical systems in the intermediate region of
“wsak” Compton currents, and (3) the evaluation of the feasibility of
simulating tactical .curce-r gion SlIP environments by using the MDL
AURORA Flash X-Ray Facility . The Army-sponsored portion of TVISEP , on
the other hand , is conc.rned with vulnerability assessments and
hardening rec~~~sndations for actual Army equipment .

The purpos. of this report is to review TSlISEP and the progress
s d e  in this program during £176, with the primary emphasis on the
applied research which was sponsored by DNA. Interaction and coupling
studies , damag. analyses, and vulnerability assessments of the Lance
Missile System and the AN/G~~-lO6 Radio System were performed in TEMSEP
during £176 under sponsorship of the Army; this Army-sponsored work ii
not discussed at length in this report. Some of the DNA-sponsored work

in TVISSP during 7176 has been reported in the open literature • 1

13• f• w, Diets, G. Nsr* l ,  and P . Spohn, Radia tion Induced Coupling
to a Truncated Cyllnd.r within a Cylinder , IEEE Trans . Nual . Sal., 115-23
(D c har 1976) .
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1.2 Approach

- 
- 

The total prograsmatic approach of TEMSEP, is as foliows
a. From the defense intelligence cceaunity and related VIP

vn In*vabilj ty assessment and hardening programs (e ach as the Multiple
Systems Evaluation Program1) ,  identify critical foreign and domestic
tactical systems . -

~ b, Define. - the characteristics of these equipments which
contribute to their susceptibility to tactical nuclear threats .

- c. Develop the int.raction and coupling technology necessary
to analyze such characteristics and to determine system vulnerability.

S d. Develop the experimental and theoretical techniq ues
necessary to evaluate system susceptibi lity on the terminal and circuit
level.

e. Establ ish suscept ibilities and assess vulnera bilities of
a tractabl.e set of critical foreign and domestic systems involved in
tactic al scenarios.

- f. Evaluate the •ff*ctiv.ness of conventional hardening
measures (such as filtering , terminal protection , and isolation) for
tactical SlIP threats , and develop generic hardening measures applicable
to many subsystems of the same general type.

g. Identify research requirements (such as interaction and ‘ -

coupling phenomena-, - circuit and damage models , and device development
for terminal and circuit protection) resulting from the technology voids
which impede meaningful vulnerability assessment and hardening of
cr itical domestic systems .

A key step in the above prograsmatic approach is the 
—

I - dsvslcpeent of the interaction and coupling technology necessary to
- - assess system vulnerability . This step involves not only th~development of exper imental and theoretical techniques for pr.dicting

and evaluating re sponses of dominant interaction and coupling mechanisms
(as these appear in actual systems) , but also the conception and
experimental verification of technically feasible schemes for simulating
tactical source—region VIP environment.. With regard to the latter , no
existing threat-relatable VIP simulator can produce all of the
electromagnetic characteristic . of a tactical near-surface nuclear - -

detonation , including the proper electromagnetic field components, 
- -

Uas-varylng air conductivity , and Compton current • In addition, no
data gathered during atmospheric tests or during recent underground
tests ere pertinent (with respect to both the time smd the dues) to t~~

17, 7, W• Diets, G, Merkel, and P . Spohn , Radiat ion Induced Coupling
to a Truncated Cylinder within a Cylind•r , IEEE Trans. Nucl , Eel., 111-23
( D c h a r  1976) ,
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tactical source region, as shown in figure 1. NevertheleSs, intelligent
• use of flash x-ray machines (in particular, the AURORA Facility) can

yield meaningful information that can be used to validate theory or
guide the development of theoret ical source-re gion coupling models • In

• addition, augmentation of the AURORA environment may be possible to
• simulate a tactical source-region SlIP environment which is appropriate

for certain types of crit ical systems.

ATMOSPHER IC
12 \ \  DINING CAR TESTS10 -

TACTICAL
SOURCE
REGION

10~ -

i06 .

1O~~~~~~ 
1

h

0
8 ~~~~~~ i

’
0 6 io~ i’o~ ~~ io 2

• TIME (s)

Figure 1. Regions of valid atmospheric test dat a and recent underground
test data (accordin g to R. Shaf fer of R and D Associates ) and
region of interes t for tactical source region related resear ch .

9
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Thus, several areas of experimental investigation are important
to progra smatic success , each of which is designed to contribute to the

-: eventual ability to adequately assess the vulnerability of military
equipment to the tactical nuclear threat . These areas are the
following:

• a. the development of instrumentation for making
electromagnetic measurements in the presence of ionizing radiation

b. controlled diagnostic experiments designed to validate or
• •- guide theoretical developments (by using the AURORA Facility , the High

Intensity Flash X-Ray Facility (HIF X) , or both)

c. Comprehensiv e experimental characterization of the AURORA
environment with resp ect to the gasma source , the electromagn etic field ,
air conductivity , and Compton current

d. Proof-of-pr inciple experiments designed to evaluate the
technical feasibility of simulation concepts involving the AURORA
Facility

Although most of HDL ’ s technical effort expended for DNA in
: FY76 was connected with the areas of experimental investigati on listed

above , the development of theoretical techniq ues for predicting and
evaluating responses of dominant interaction and coupling mechanisms
also received a good deal of attention in- FY76 ar4 figures prom inently
in TEMSEP . The areas of theoretical investigation that presently appear
to be of particular progra smatic significance are these :

a. The relative importance of electromagnetic excitation
(the electromag netic field and transient air conductivity in the absence
of the system) and direct excitation (ganma and Compton-electron ) of
systems subjected to tactic al nuclear threa ts

b. Evaluation and improvement of state-of-the-art numerical
tools for tactical application s

c • Evaluation and improvement of time-pha se (particularly ,
quasi-static) analytical and numerical tool s for tactical *pplicati ons.

Th. first area of theoretical investigation is concerned with
the significance of detailed Monte Carlo sources , self—consistency , and
charge-depletion (boundary ) layers in a tactical context . Th. last two S -

areas of theoretical investi gation are concerned with establishing the
adequac y of existing theoretica l techniq ues and improving them for
tactical applications.

10
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2 • PRO GRAMMATIC MILESTONES

During FY76 , several progra atic milestones were identified • These
included the successful completion of two AURORA runs (December and
March) , the awarding of sev~ -a.. supporting contracts , the completion of
system coupling analyses (Lance and the AN/GRC-106) , the running of a
new environment code (NEMP), and the identification of potential problem
areas (Mission Research Corp. (MRC ) /AURORA memorandums and boundary layer
reports). Each milestone by itself does not represent a technical
accomplishment , but r ather is an identifiable effort which is important
only in an overall prograzesatic context . The technical milestones
represent the true technical progress made in this program.

2 1  December Test

During earl y December 1975, a series of experiments was
conducted at the AURORA Facilit y with the primary purpose of determining
the adequacy of new instruments which had been designed to function in
the radiat ion environment. In addition , couplin g experiments and AURORA
gamsa-source measurements were carried out. With respect to the four
general areas of research addressed in FY76 (coupling, instrumentation,
basic phenomena, and simulation) , the experiments addressed three of
them (coupling , instrumentation , and simulation) .

New instrumentation, constructed for use in the March 197 6
test , was checked out in the radiation environment . This included a
cathode follower, to be used in connection with a Tektronix voltage
probe to meke highu impedance voltage measurements, and a Compton diode
and a collimated Rogowski coil , to be used to measure the Compton
current in the air . Response measurements of a concentric box geometry
also were made with the intention of being used for comparisons with
theory . In simulation, a series of collimated dosimeter measurements
was performed to provide information useful for characterizing the
AURORA source .

The Compton diode constructed for this test (fig. 2) consisted) of an aluminum cylinder 15 cm in diameter with a tungsten collector
6.3 cm in diameter • To collimate the current driving the sensor , Pb
(10 cm thick) was used.

The collimated Rogowski
coil comprised an Adams Electr onic
Corp. (ADELCO) current probe (of v
radius 1. 47 cm) collimated with
10 cm of Pb. The probe and Pb were
placed in an aluminum cylinder for
convenience. Figure 2. Compton diode.

11
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A cathode follower circuit was constructed to be used as an
impedance matching network to drive the low-impedance cable from a high-
impedance source while maintainin g minimal signal loss (fig. 3) • The
device was used with a Tektronix P6003 probe to measure the voltage
buildup on the center box of the concentric box test geometry used in
coupling exper iments . The voltag e probe was exposed to the unattenuated
AURORA radiation within the test geometry , but the cathode follower was
provid ed shielding by being placed inside the L~.nter of a stack of Pb
bricks. In this configuration , the cathode follower was exposed to a
total dose of approximately 5 rads (Si) (3 X l0~ rads (Si) /s peak) .

Coupling exper iments used the basic concentric box geometry
shown in figure 4. It consisted of a box 15.24 cm to a side constructed
of 0. 63—cm aluminum , suspended on nylon rope in a 66—cm square
conducting upper chamber of a two-cha mber radio freq u~’ricy interference
(RFI) shielded box. The inner aluminum box , located in the center of
the upper chamber , was connected with a thin wire to & BNC feed-throu gh
cable to the lower chamber where the cathode followers were located .
The two chambers were separ ated by a 2 . 54-cm-thick alumir. ~m partition.
The suspended aluminum box was used in two modes : one with the box
empty so that it was thin with respect to the absorption of gamma

S radiation and another with the box filled with Pb so that it was thick
with respect to gamma radiation . The shielded box was symmetricall y S

placed in the AURORA test cell , elevated so that the center of the upper
chamber (and the suspended inner aluminum box) was on the axis of the
AUROR A radiation . In this configuration , the fron t was exposed to a
total dose of approximately 700 rads (Si) . The “open—circuit” voltage
and short-circuit current were measured on the inner box . In addition ,

S Rogowski coils (to measure the Compton current ) and Moebius loops (to
measur e the magnetic field) were plac ed at variou s locations within the

— 
upper chamber.

Although it may sometimes be assumed so , the AURORA Facility ’s
“hot spot” is not a point source of radiation . A more reason able
assumption is that it is a disk source of some effective area . To
determine this area , an experiment was designed by using

P the rmoluminescent dosimeters (TLD ’s) placed in holes drilled through
various thicknesses of Pb bricks. By measuring the dose and dose rates
at the same distance from the source with 0 , 5.08 , and 10.16 cm of
collimation , the effective area of the sour ;e can be calculated directly
by geometrical considerations .

Data obt ained during the December test contributed to some of
the significant conclusions that were dra wn based on the consideration
of the total FY76 effort. Notable examples are the decision to abandon
the Compton diode for AURORA application and efforts to continue to
develop a high—impedance voltage measureme n~ method . Also, this test
impacted plans for the March test by indicating the need for more
shielding around the cathode follower and the need for a better method
of measuring the Compton current ,

12 
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Figure 4. Concentric box test geometry . —

2 . 2  March Test

During March and April 1976 , a ser ies of tests was conducted at
the AURORA Facility to experimentally investigate several matters
concerning the electromagnetic environment generated within the tactical
source region . These tests provided information within all four general
research areas : coupling , instrumentation , basic phenomena , and
simulation . In the coupling area , a series of measurements was made to
determine current and voltage responses of simple structures exposed to
ionizing radiation . In the instrument ation area , data were obtained
from instruments designed to measure Compton current , electric (B-)
field , and voltage. In the basic phenomena area , air chemistry was
addressed by measuring the effect of the charge-depletion boundary
layer. Finally, the feasibility of certain simulation schemes was
investigated by considering the charging of gamma-thick objects in the
radiation environment and the resulting S-field.

The concentric-c ylinder geometry in figure 5 was exposed to the
AURORA radiation pulse , and the currents and fields in the medium
between the cylinders were measured at various locations . Also , the

:
L current on the inner cylinder was measured by splitting the cylinder and

connecting the sections with parallel resistors , forcing the axial
current to be shared by the resistors. The current throu gh one of the
resistors was measured and , from that , the total axial current flowing
on the inner cylinder could be inferred .

The validity of this inference was demonstrated via laborator y
S bench tests in which the inner cyl inder was driven with a current source

as shown in figure 6 • The total current was monitored between the
pulser and the inner cy1~nd.r (location A),  and so was the partitioned
current flowing in each of the parallel resistors inserted in the inner

14
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Figure 5. Concentric cylinder test geometry .

:1 5

A —

• — B

-

~~~~~ PULSED CURRENT
SOURCE

Figure 6. Bench test.

cylinder (Locat ion B) .  Comparison of msasur~~~nts at locati ons A and B
showed that th. total axial current flowing on th. inner cylinder was S

indeed the appropriate multiple of th . current measured through one of
the resistors .

The conc.ntric’.cylind.r geometry was selected because it
represented a symmetrical configuration within which th. fields and
currents could be readily calculated everywhere for a symmetrical

15
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excitation . Also, the outer cylinder served as an ~f shield against
external electromag netic interference and as a containment vessel for
th. various media (dry air , N2 vacuum , SF 6) under consideration . The
data were compared with the calculated re sponse of the inner cylinder
Obta ined by using an assumed radiation distribution as input for the

S SAPSC computer code.

Several instruments were designed and deployed for this
experiment : two one-turn Rogowski coils (to measure Compt~n current ) , a
cathode follower , a special voltage probe (to make high-impedance
voltag e measurements ) , an emitter follower ’ circuit , and an S-field
sensor (used by Denis Whittaker of HDL to measure the S-field) .

The one-turn Rogowski coil (fig. 7) consists of a thin aluminum
cylindrical cuter container with a balanced output located at the center
of the axis. The sensor is orientated so that the desired current

S 
component passes through the sensor parallel to the axis. The resulting
magnetic (H-) field induces a current in the container and resul ts in a
voltage developed across the output; this voltage is proportional to the

S volume of the sensor and the time derivative of the Compton current .
— For this experi ment , two sensors were constructed with volumes of

5 X lO”~ and 6 X lO~~ m3 .

The cathode follower , which had been used in the December test ,
was used again , except that considerably more radiation protection was
provided in March. It was thou ght that this extra protection would
minimize the transient-radiation effects on electronics (TREE ) on the
circuit components and that the device would operate as designed . The
voltage to be measured was that generated on a Pb pig (a block of Pb) , - -

float ing coaxia lly within a large outer cylind er (the same cylinder used
for the coupling experiments) .

Tektronix voltage probe s and
specialized compensated voltage divider
networks were used to drive the cathode
follower, and the response was recorded

• on oscilloscopes in the data room.

Also , an emitter—follower’ cir—
cult was used as an impedance matching
driver in the same experimental config-
uration as that with the cathode fol-
lower • Further attempts to measure the
voltage were made via a method suggested 

Sby Victor Van Lint (MRC) whereby a se- •

Figure 7. C~ie-turn I~ s~~~~ki rise of short-circuit and low-resistance S

coil (.~ ier~sor) . current measurements was made ,~ and the
open—circuit voltag, was inferred from —

the results.
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Finally , during successive shots , an E—fi.ld sensor was placed
at various locations near the floatin g pig, and the measured E-field was

S - recorded • From these measurements , the tota l S-field , as a function of
distance from the floating pig , could be determined and , from that , the
voltage. 55

The third are a of investigation concerns the basic phenomena S

and air chemistr y associated with the source-re gion environment . For’
S some time , certain air-chemistr y parameter s have been somewhat

inadequately determined . Notable is the electron attachment rate in
S moist air . Data from a variet y of investigations and compiled by

Longley and Longmire* indicate that there is a major fluctuation in this 55

paramete r over the ran ge of fields and pressures of interest for ~ 4P .
By these data , though , the measurements of electromag netic environments
resultin g from nuclear tests do not agree well with the correspondin g S

calculations (Conrad L. Longmire , MRC , pr ivate communication ) .

Consequently, it is desirable to obtain controlled experimental
data from which the attachmen t rate can be reliably derived . To get
these data , a “pie~pan sensor was designed in collaborat ion with

S Longmire. The basic design (fig. 8) consists of a thin center plate
whicbi can be char ged with an external power supply and capacitor

55network . The current dischar ged by the capacitor can be related to the
phenomena which . occur between the plates of the sensor when it is
exposed to ionizing radiation . Attachment rates , recombination rates,
conductivity, and the char ge -depletion boundar y layer can be studied in
various gases by using this exper imental setup . For this series of
tests , two sensors were constructed , one with a plate separation of S

2.54 cm and one with a plate separation of 5.08 cm.

Although all of the experiments conducted during this test
series had some relation to tactical sourc e-region simulation , the

S floating pig experiments provided direct insight into one of the field S

enhancement methods under active consideration . Gamma radiation and
Compton currents build up the charge on conducting bodies which are
thick to the inciden t ionizing radiation . This char ge buildup results
in an S-field which , perhaps , could be appropriately tailored to

- 

S complement S-fields due to other mechanisms in a reasonable simulation
S of wor st-case environments .

In the context of a long—term pro gram , the March test was not
meant to stand alone, but rather wa-s designed to clear up some previous
uncertainties and to begin investigation into some new areas. Examples

S S are the current measurements on the truncated cylinder and the
boundary-layer oriented pie-pan measurements • In general, the results
of the March test contributed to a variet y of areas.

•U. J. Longl.y and C. Longn*ir., Electron Mobility and Attachment Rate

in Moist Air, Mission Research Corp. MRC-N-222 (12 December 1975) .
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2 • 3 Mission Research Corp. 1~Z3~ )RA Msaorandu- 
55

Conrad Longairs and William Crevier of )~~ wrote four WRO~A
Mm.orandums in PY76z Geneyai Considerations on the Use of AURORA for

I Simulating ~ IP Coupling, Soms Physics Experiments for AURORA, A Simple
S Malysis of the Sine ~~l~~~er ~~~eriment , and AURORA Boundary Layer

Experiments. These AURORA Msaorandums, along with Direct Interaction
S 

Effects in ~ 4P, 2 form a collection of material that is a great help in
understanding the possible uses of the AURORA Facility in source—region
coupling experiments related to tactical situations of interest.

S Figure 9 shows an early example of a relatively simple AURORA
modification, suggested by Longeirs, that would convert the AURORA
Facility into - a partial simulator of th. tactical source-region ~ 4P.
Longair. ‘a modification would not provide an exact siw~lation of
source-region alP, but many of the important electromagnetic features of
the source region would be partial ly simulated.

2.4 Code Development Contracts -

Early in FY76, a contract was let to Science Applications, Inc.
(SAX) , to develop two computer codes and to provide the Government with

S a user ’s manual for these codes. Both of these codes solve Maxwell’s

CEILING 
-

INSULATING X-RAY STOPPER
- CONDUCTING COLLECTOR

S ____ 
TRANSMISSION LINE

SOURCE x SF6 
TRANSITION

I L _ _ _ _ _

I __________ 

‘

~~~~ ~~ 
-
~~ 

.‘ —

I 4.- 
—4

*-.1 “4. -4- 
55

S I  -4.. _____ _______

I!, Ta ~~~~~~~~~~~~ 55

~~~ 

0 FLOOR S

Figur e 9. Possible simulat ion scheme.

I.. Longaire, Direct Interac tion Effect in ~ (P, Air FOrce N ap ona
Laboratory, IMP Interaction Note 69 (November 1973) .
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equations in cylindrical. coordinates , and both can analyse concentric
cylinder geometries irradiated at the AURORA Facility . Thea. codes
provide the following types of outputs electromagnetic fields ,
conductivities, and Compton currents in the region between the cylinders

S and the current coupled to the inner cylinder or the voltage generated S

between the outer cylinder and an el.ectrically isolated inner body.

Cos of the codes uses a standard explicit finite-difference
scheme to solve Maxwell ’s equations. It can treat the source electrons

S either self-consistentl y or non—self—consistentl y, allowing one to
determine whether or not a self-consistent treatment is necessary for S~ 

-

the analysis of AURORA experimental results • In addition, the S

self—consistent trea tment will allow the code to operate for actual
tactical source-r.gion ~ 4P environments if the effects of low-energy
electrons can be neglected .

S 

The other code uses an implicit finite difference scheme to 
S

solve Maxwell ’s equations . It can treat standard concentric cylinder
S g.cmetries , and , in addition, configurations in which the cylinders are

connected by lumped circuit elements (resistance , inductance ,
capacitance ) .

In addition to the ccmputer codes , SAl wi].l provide the results
of four sample problems of HDL ’ a ‘,hoosing with the electron po 

S

calculations used for each .

During FY76 , work on the Maxwell equation equivalent circu it
(MEEC ) code progressed under contract with Intelcoin Rad Tech (IRT) ,
technically direct ed by Thomas Tumolil],o of JAYCOR . The code is being

-

- 

S developed for simulation studies and solves the Maxwell equations in
rectangular Cartesian coordinates (by finite difference t.chniques ) in a

S volume of air (or other gas) excited by Compton electrons in the
presence of associated time-varying air conductivity .

The ~~~C code is in th. final phase of progr~~~4’~g and
debugging p that is , modification of the vacuum system generated EMP

S (SGEMP) ver sion of the MEEC àode to handle source-region effects of an
S 

ioniz d gas (typically air) is essentiall y complete . A flexible input
language has been defined and coded in FORTRM . The input language S

allows convenient access to all essential parameters entering the
calculations. The coding associated with the calculation of air

S conductivity and the self..consistent tracking of source electrons (one
available option) is complete . It is antici pated that the complexity of
the entire modification of the MEBC code will require extensiv. and
thorough test ing and evaluation. In FY77 , available AURORA exper imental
data will be compared with P4EEC calculations .
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2 5  Environment Code NEMP

The Army has sponsored the d.velopment of the NEMP computer
code system , principally by Langley and Longaire, for prediction of EMP
environments due to near—surfac e air burs ts. Alter several years of
effort , the code system (consistin g of six code. run in sequence) is in
a limited production status. The cod. system has been run to times of
5 as by personnel of HDL using a rough DIP source package for a 200—in
height of bur st . Some further work will be done by Z~~ in FY77 to
verify the correctness of the computed fields and to examine fields

- extrapolated outside the source region.

The Army has sponsored also Monte Carlo transport studies by
14. 0. Cohen of the Mathematical Applications Grou p, Inc. (MAGI) , to

S obtain predicti ons of EMP sources due to neutron-indu ced secondar y ganma
- rays for burst heights of 50 and 100 m. These predictions are of a

higher quality than heretofore available , especi ally near the air-ground
interface . Additional studies by MACI of more general neutr on spectra 

S

planned for FY77 .
Meanwhile , MDL is developing a NEMP output graphics code and is

performing analytic curve fitting of the MACI transport results for
S inclusion in the NEMP code system . Also, MDL has brou ght the NEMP

system to a production statu s on the MDL computer , an IBM 370/168
system, in addition to the Control Data Corp . (CDC) 7600 system on which

S the NEMP code was developed . S

2.6 Interaction and Coupling Analyses of Lance Miesile System and
AN/GRC -106 Rad io System

The DIP survivab ility critez~ia for tactical endoatmospheric
- nuclear threats differ significantl y from those for exoatmospheric -:

— threats because of several factors z

a. The presence of ionizing radiation, Compton current
S density , and time—varying conductivit y for endoatmospheric threa ts S

S b. The “near-z one” character of the electromagnetic field
for endoateospheric threats as opposed to the radiated plane wave

S character for exoatmospheric threats

-
S 

S C• Relativel y large field strengths of certain components at
times beyond 1 ps or so for endoatmoepheriC threats .

Furthermore, from preliminary analyses of isolated interaction
and coupling mechanisms, it can be ar gued that these differences between
DIP survivability criteria for exoatmo spheric and tactical

I 
.ndoatacsspheric nuclear threats can lead to significantly different

15 interaction ~~~~ COl2Plifl~ phenomena.
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Going one step further , some voids can be identified in the
existing technology base--that is , technology developed specifically for
tactical endoatmospheric threats , technology developed for strategic
endoateospheric threats and applicable also to tactical situations , and
technology developed for exoa~~~spheric threats and easily modified to
account - for certain “weak source—region effects. These voids can be
identified through vulnerability assessments of actual tactical systems; S

these assessments are attempted in sufficient detail to illuminate such
technology voids. The interaction and coupling analyses of the Lance
Missile System and the AN/G~~-106 Radio System were performed , S

S therefore, according to the following approach :

a. Define principal, response mechanisms and critical
S circuits for both systems with respect to the tactical source-region S

environmental factors listed in the first parag raph of this section . 5

b Develop worst-case idealized representations of principal
response mechanisms, and define the state-of-the-art theoretical methods
which can be applied with the most confidence in the system analyses.

c. Predict responses of principal interaction and coupling S S

mechanisms and the corresponding source impedances which are necessary
- to assess susceptibilities of critical circuits to damage. S

d. Develop techniques and design tests which will provide
S exper imental verification of these theoretical predictions; consider S 

-

S - 
underground nuclear tests, flash x-ray machines, electron—beam machines,
and current injectors.

S e. Identify voids in existing theoretical and experimental
technology which seriously impede meaningful susceptibility and

S vulnerability assessments. -

S 

- 
The interaction and coupling analyses of the Lance Missile

Syst .. and the AN/~~~-lO6 Radio System were conducted under an
Army-sponsored contract • ‘ Four types of excitation of each system
were considered :

a. Electr omagnetic excitation (electromagnetic field and
transient air conductivity) of external cables and antennas

S b. pheton excitation of external cables

S 
3a. A. P.ra l.a •t al , Coupling Calculations for the LANCE Missile

S System in a Tactical Nuclear Environment (f) ) , Mission Research Corp.
~~~~rt No. A RC-IR-76457 (March 1976) • (SECRET RESTRICTED DATA) .

R. A • P ral a et al, Close-in Coupling Analysis of the AN/CRC-106
Radio system (U) , Mission R sear ch Corp. Report No. ANRC-IR-76458 (March
1976) . (SECRET) 4
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c. Electromagnetic excitation of internal cables due to
internal DIP ( IDIP)

d. Electromagnetic excitation of internal cables due to
apertures in enclosures 

S

The contractor ’s results from the interaction and -coupling S

analyses of the Lance Missile System and the Ml/GRC- l06 Radio System S

have been used at HDL to assess the susceptibility of critical circui ts
to damage.5 S

3. TECHNICAL MILESTCNES 
S

Throughout FY76, technical efforts were directed toward specific
goals outlined in section 1. significant prog ress has been made and , as
a result , some defini tive statements can be made in several technical
areas. These areas include boundary—layer phenomena, Compton current
measurements, E-field measurements, voltage measurem ents , and S

gat.~a-thick charging phenomena.

This section does not completely describe au of the technical work
undertaken durin g FY76 , but discusses only those topics about which some
conclusions or significant results have been obtained .

3.1 Boundary-Layer Conclusions and Results

Longmire2 ~j i4 ~~ um6 considered the developeent of an electron
depletion layer between a negatively charged conductor and a collision
dominated plasma. As shown in figure 10 , when a metallic electric
conductor is negatively char ged , the resultin g B-field is in a direction
to remove electrons from the metal sur face ; however , no electrons are
removed from the metal surface. Electrons cannot be emitted because the
B—field (R E M in fig. 10) is not large enough to produce high—field
emission , a phenomenon that occur s only at extremely high B-field 

S

intensities. To b specific, experimentally it has been found and
theoretical ly it may be shown that the high-field emission current
density , uhf’ is given by

~hf 
— ~~~ exp(-X/E) ,

2C. L. Longmire, Direct Interaction Effect in EMP, Air Force Weapons
Laboratory, EMP Interaction Note 69 (November 1973).

5Dar iiei L. Goodwin, The LANCE - Electromagnetic Pulse (EN?)
Ms.ssm.nt-—Indoatw05ph ZiC Threat (U) , Harry Diamond Laboratories
TN—77 L4 (October 1977) . (COWFIDZNTIAL ) 

S

6C. I. Baum, Radiati on and Conductivi ty  Constrai nts on the Design of
a Dipol• Electric Field Sensor , Air Force Weapons Labora tory EKP Sensor S

~nd Si ilation Note 15 (Jun. 1970) .
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S where, for a tungsten emitter , the constants C and K are given by S

C 1.26 x ~~~ At;2 - ,

S K 2 . 7 6 X l0~~~V/m .

At 106 V/rn,

~hf — 1.26 X 1O~ x 1012 exp (—2 .76 x 10k) (1)

- ~~ 0 .
•6

The forego ing equation holds only for perfectly clean flat
surfaces. Microscopic irregulari ties can cause extremely high local

- B-fields which can sometimes cause enough current to produce local hot
spots. Thermionic emission can then occur. One of the reasons for

- conducting the pie—pan experiments is to see if electron emission does
- or does not occur by some such mechanism. If electron emission does not S

S occur , a region of positive ions results. As indicated in figure 10 , a S

S 
- rather intense B-field connects these positive ions with the electron s

in the metal , 
S

ELECTRIC FIELD METAL SURFACE S

E 
_ - ELECTRONS ON

ELECTRON DENSITY ~> METAL SURFACE

ION D~~ NSITY—1 ,“ 
~

x
S

~ 

1 0

Figure 10. Mode l of boundary layer. 
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Consider the situation when the sensor shown in figure 11 is
filled with N 2 gas and subjected to an AURORA radiation pulse . If one
neglects the boundary layer and applies conventional wisdom , current
should flow through the chamber as long as the N2 gas remains ionized .
By using accepted electron-positive N2 ion recoinbination rates, the N2gas should remain ionized much longer (milliseconds) than the duration
of the AURORA pulse (300 ns) .

When the chamber was subjected to the AURORA ionizing radiation
pulse , current flowed through the chamber only for a time approximately
equal to the duration of the AURORA pulse. The short duration of the
current pulse is consistent with the formation of an electron depletion
region or boundary layer at the center of the negatively charged
electrode. If there were no boundary layer formed at the inner
condu ctor , current would flow for t imes up to millisecond s , that is ,
until all the electro ns recombined with the positive nitrogen ions .

Figur e 11. Pie-pan sensor.

Crevier and Longmire (MRC , unpublished data) have developed a
quantitative theory to explain the behavior of the sensor when subje cted
to the AURORA pulse. Essentially , the current that flows thr ough the
sensor is set equal to

= i(t )  = a ( t ) E ( t ) A  , (2)

where i(t ) is the current , a(t )  is the ionized gas conductivity , E (t )  is
the E-field outside of the plasma boundary layer , and A is the area of
the plate . Then

25
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V~~ )J GN A = a~~ ,

where V is the voltage across the sensor plates, Vb~ 
is the

S boundary~layer voltage across the electron depletion layer, D is the S

S distance between the plates , 1.’ is the electron mobility, e is the

- I electric charge of an electron, and Ne is the electron number densit y.

Voltage VbQ is given by the integral of the B-field
across the electron Soundary layer :

= E~~ = — ~~~~~ 
- 4ireN~ (~S — x) , (4)

where is assumed to be a relatively sharp cutoff of the boundary
layer. Then S

Vb 
~~~ 

E.~,2 (x) dx • (5)

The charge , q, per unit area on the negatively charged conductor can be
set equal to the charge in the boundary layer. Then

- S q = e N ~6A , (6)

or

N ’
+

= — -j~ + 4ir (eN ~6)(~ — 1) ,

or

S - 4~Tq(~~ - 1) . ( 7)
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I Then follows

= J ~~ bL dx

- v~ + 41rq(~~~
. -

= + V ~~~~+ 2irq6

- - 
~~ 

_ _= + v  — +  . (8)

S 

p D  eN+

The fraction cS/I) is much less than 1, so
S 

VbL eN+

S Equation (3) then becomes 
S S

~eN~ (v~ - ~~~~~ _. q2) A , (9)

where the electron mobility is given by 
S

-~~~~ 1j=7 .33 x lO~~E~~

for 0.1 < E < 10 electrostatic units. One can insert the proper N2 gas
S chemistry to obtain the results shown in figure 12.

The pie—pan sensor has been used to study the conductivity and S

boundary—layer effects in a number of pure gases and mixtures of gases
for B—fields up to 80 ,000 V/rn. The gases studied have been dry air , N2,

-
. 02, SF6, and , finally, “humid” air with humidities ranging from 0 to

1.00 percent at 36°C.

S When a specific gas was studied at a specific dose level , -

current pulse measurements corresponded to 2000 , 1000 , 300 , 100, and
10 V applied to the sensor.

The experimental technique used in obtaining the 100—percent 
S

S saturated humid air (at temperature T) was to bubble dry air through two
S flasks in series containing water at temperature T. The pipes, hoses ,

J 27
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Figure 12. Pie .parl model (used in W. Crevier and C. Longinire

calculati on , Mission Research Corp .) .

and pie pan wer e kept at a temperature about 5 to 10°C hotter than the
water. The setup is depicted in figure 13. Since the sensor was at a
temperature greater than T , water did not precipitate in the sensor.• Figure 14 shows a schematic drawing of the experimental setup during an
AURORA shot.

I
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~~~~~~~~~~~~~~~~ AIR 
S
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Figure 13. Method of filling pie-pan sensor with humid air .

HEAT LAMP

- 7

BREMSSTRAHLUNG S

Figure 14. Method of preventing H20 precipitation if humid air is
100—percent saturate d at temperature T and sensor is
heated to temperature T5 , where T ~ T + 5°C.
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)The dry-air and N2 experimental data have been reduced , and
S 

sample comparisons between the theoretical responses and the measured
data are given in figure 15. The 02, SF6, and humid—air data have not

S yet been corrected for cable losses, etc . However, the conductivity of S

the 100—percent humid air at 50°C is about 4. 5 times less than that of
S dry air .
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Figure 15 . Pie-pan response : (a) dry air and (b) nitrogen (bias: 1000 V).

3. 2 Compton Current Measurement

S One of the stated goals of the FY76 experimental effort was to 
-measure the °free” electromagnetic environment in the AURORA test cell

during the radiation pulse. One important parameter to be considered S
S was the Counpton current, Several different instruments were considered ,

and data were obtained by using each. These included the Compton diode
(which has been used extensively for underground tests), the Rogoweki
coil type of current probe (both in a special collimated configuration
and as an off-the-shelf item) , and the one-turn Rogowaki coil .

were made during the December and March AURORA tests, and
• the significant results were compiled for all of th. data.

The Ccmptcn diode , although it has been demonstrated to be a
powerful exper imental tool , has two inherent problems. One is that , to S

j be sensitive to small current densities , it east be large . Another i.
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that it collects current indiscriminately and must be collimated and
-
~ shielded if one is to determine the vector current density at any

location. These two problems act in opposition. Experience during FY76 S

indicat d that these problems would be extremely difficult to solve.
The Compton diode with which data were taken was designed so that a
reasonable signal should be Obtained while size and shielding were kept
to a minimum. The reason for this size restriction was that once a S

reliable means of measuring Compton current was determined , the AURORA
test cell would be mapped. The sensor, therefore , had to be small and
portable to map the test cell. • The initial data obtained by using the
sensor showed signals which were buried in the noise. Attempts to

I increase the sensitivity of the sensor by changing the resistance
divider in the output failed to produce reasonable results. The total S

dose on the front of the sensor (measured by using TW ‘8) indicated that
S adequate Compton current should be reaching the sensor , but the cable

S noise level was such that meaningful results could not be obta ined .
Consequently, either (1) considerable effort would have to be undertaken

-. to increase the sensitivity or reduce the noise or (2) the general
I 

j approach could be abandoned for the time being in favor of pursuing
other concepts. The latter pursuit was chosen.

: 1
The Costpton current was measured also by using ADELCO current

- 

I probes of 4.3-cm diameter. Reasonable measurements of the Cosipton
current could be made inside the concentric cylinder geometry (where the

S probe was afforded considerable r f shielding) , but in the AURORA t..t
/ cell itself , results were inconsistent . As with the Compton diode ,

S collimation is required to measure one vector component of the current
density at a location . When the collimator was used during the December

S test , the signal was reduced to the level that noise problems were
- overwhelming. When the colSlimatorS-was--Sr.moved during—the- December teSt ,

S however, the measurements were within 20 percent of the pred icted 1

values. Unfo rtunately , the measured values were neither consistentl y
greater nor less than the predicted values , and during the March test
there was little correlation between the theoretic al and the
experimental values . This lack of correlation may be due to the fact
that the ADELCO probes measure the total current (not just the Campton
current) passing through them , and the Campton current could not be

S separat ed from the conduction current . Enclosin g the current probe with
an aluminum can filled with SF 6 would prevent conduction current from

- passing through the current probe and might allow a successful Compton
current measurement with this type of probe . Also, varying the S

thickness of the can could provide information concerning the ener gy
-

- spectrum of the electrons produced in the AURORA test cell . Durin g the
March test , a larger AUELCO probe (1.3.3-cm diameter) was used , but

- measurements were not successful more than 2 m from the hot spot .

Longmire suggested (unpublished) the one-turn Rogowski coil as
a means of measuring the Compton current . Further refine ments in the

-
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original- design resulted in a sensor that measured the ~~mpton current
S requ far coUlast ion. Zn addition, the differential

S ~ ztput ‘uir 4~ 4~ed th. nois. problems. Two models of the sensor were
S constructed and used during the March test . Date were taken by using

the asall sensor over a range of dose rates from lO~ to
~~ reds (Si)/a, but the sensor response was not as predicted . Careful S

consideration of the data indicated that the sensor was not sensitive
enough, considering the noise levels, for AURORA application. The
larger sensor provided reasonable results over that dose rate range.
Peak ~~~1itud.s of the integrated reduced data compared favorably with

S the prsd.1ictsd peak Compton current density of J - -2 x 10e Si ~~~2 , wh re
* is the dose rate in reds (Si)/seoond (fig. 16). Comparison of the
I grated pulse shape with the AURORA radiation pulse (appropriately
scaled) - (fig . 17) i~ similarly - good. The discrepancies between the

sured and predicted data seem to be most prominent in the lower
radiation region indicating that 1O~ reds (Si) /s is probably the lower
limit of the respo nse range of the sensor . Since the response of the
sensor is proportional to its volume, use of a larger sensor should
extend the range over which measurements can be valid.

.
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Figure 16. .~ sensor.
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Figure 17. Conpton-current time history .

In conclusion , use of the one-turn Rogowaki coil sensor seems
the most adequate method of measuring the Compton current in the AURORA
test cell . In the future , a larger , more sensitive model will be
constru cted . By its use , the Campton curreflt special distribution S

Within the AURORA test cell can be fully characterized .

3,3 flectric-Pield Sensor
S 

The measur ment of the E-field in a medium that has a
time-varying conductivity, such as the ionized air present in the AURORA
test cell , has proved to be difficult. Consider a parallel plate sensor
(with plates separated a distance d) that is placed with the plates S

S perpendicular to the E—fie ld (fig . 18) . Let the load across the plate s -

be resistance R. Conservation of current then yields

i 1

1 

~~~~MB - k € ~~~~ ” A ~E’ + A c 0 ~~~~~~ AE’ d , (12)

or in terms of the voltage, V , across R , assuming that the value of S is SS not changed by the pres enc. of th . sensor ,

L~J5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ‘ ‘~-~ A . ~~~~~~~ S•S_S ~~~ 5 5 S S ~S ~~~~~~~~~~~~~~~~~ SS ~~~~ S - ___________



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~
55~~ -~~ rS~.

5v5-;.

-5

)
-

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (13)

or

— ~~~~ o( t) ~ — aCt) v + ~ -~~~~~ + 
V (14)dt £0d d dt Ac0R

The solution of this differential equation is given by

1 t
— 

a Ct ~ d tj .  f (A B) dt ’ , (15)
JO e0 0

where

A — [
~ t’o(t~) 

dt l’]

l d V  a ( t ) V  1
d t e d AC0R

This is a rather unwieldy expression and, unfortunately, it is
difficult to simplify under AURORA conditions . Specifically, the AUROR A

S has a rise time of 1O~~ a , but en/a — lO h1/1O~~ = a , and so 
S

both dV/dt and V significantly contribute to the determination of E•

Furthermore , if a boundary layer or e ec-
I ,.~—1 tron depletion layer forms between the

S 

F -~ sensor , equations (12) and (15) can be
overs implifications. If R can be made S

4 large enough by use of a high input

~ E~ impedan ce cathode or emitte r follower , the
~~~~~ ~~~~~~~~~~~ 

- plate s of the S-field sensor could not S

- 

~-*~ collect charge , and the boundary layer

~~~~~~~~~~~~~~~~~~~~ ionized air and the negative plat . of the

phenomena would be kept to a minimum . S -
S •:j ’ -~ .~~

- up to the present , a great deal
of th . work done on S-field measurement in
the presence of ionizin g radiation has

AREA A been devoted to situations involving soft
* rays . Workers have gone to great

Figur e 18. : 
~~ectri~~fj el4 efforts to reduce the photoelectric inter- 

S- sensor .
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action between the E-aensor plates and the ambient ionizing radiation . - -

To reduce th. possibility of electron emission by the photoelectric
t effect or by the Ccmpton effect , screens have been substituted for solid
I plates. To even further reduce the photoelectric electron emission, the

t - 
screens have been constructed of light , low-atomic-number materials.

S 
S

The substitution of screens for plates does certainly reduce
direct electron knockout by low-energy bremsa trahlu ng or x ra ys , but the S

small area of the screen plates creates another severe problem by
5

5 enhancing th . boundary layer . Th. bounda ry layer is enhanced by screens
) or grids because large S-fields can build up around the small wire or

S sharp corners of the grid plate .
S 

To be more specific, it - can be argued that the voltage across
the boundar y layer var ies as

Vb — l/ (surface area ) 2 , (16)

I where the surface area refers to the actual electrically dense area of
1 the grid . Grid s, therefore , may increase the boundary layer problem. S

Thin aluminum or copper solid foils may , therefore , have an advantage S
L over grids in constructing the E-field sensor for the AURORA

environment.- Fortunately , the AURORA bre msstrah lung spectrum is -
relativel y hard , and emission of photoelectrons from the parallel plates
may not be important .

3.4 )Ii9h-Impedance Voltaq~ Measureaents

It was recognised early in the program that a successful method
S of making a high-impedance voltage measurement in the AURORA radiation

environment would have wide appl ication to include S-field measurements, S

coupling measurements , and system response measurements. Initial
S investigation showed that simple resistance divider networks were
S plagued by two problems: the requirement for capacitive compensation

S and loss of signal amplitude . These problems exist in proportion to the
impedance over which o~e attempts to measure; the higher the impedance ,
the greater the signal loss and requirement for compensation . It was
indicated that these problems could be greatl y reduced by using a 

S

cathode follower circu it network , which has a gain of somewhat near S
S 

unity , but can match high-impedance loads to low-impedance cables.
S f Cathode-follower circuits, rather than emitter- follower circuits , were

- 
-~ initiall y chosen because tubes are generally thought to be less troubled

by ionizing radiation than are solid-state oou~ponents .~
- During the experiments at AURORA during FY76 , high-impedance

- voltage measurements were made by using cathode followers : one method
H ____________________

1P. A. Tri .r, Transient Radiati on If f ects on Basic Tried. 
S

Amplif iers, Harry Diamond Labotatoti., TR—1197 (April 1964) .
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S Used a Tektronix voltage probe , and a second method used a breadboard
compensated voltage divider network . S

3.4.1 Method 1

A cathode-follo wer circu it (l-~~ input impedance) served ~s
an interface between a Tektronix P600 3 voltage probe and a 75-a data

S cable • A radiation-induced voltage source was sensed by the probe and
S was recorded from oscilloscopes .

S After review of the data , which included several noise
measurements, it was concluded that two problem sources prevented
successful voltage measuremen t by method Li radiation-induced -

ionization near the tube and ra diation interactio n with the volta ge
probe . The ionizat ion near the tube could be minimized by adding more
radiat ion shielding to the circuit . The interaction with the probe S

S 
could be minimized in the same manner , but more shieldin g would
add considerabl e stray capacitance , carry the high—voltage signal a S

great distance , and render the probe inconvenient .

3.4.2 MethOd 2

Method 2 was similar to method 1, except that the Tektronix
volta ge probe was replaced with a breadboard compensated voltage probe
constructed for this application . As with method 1, the voltage was
sensed by the probe and recorded from oscilloscopes. -

The failure of method 2 to provide meaningful data was S

S attribu ted to improper compensation of the volta ge prob e, due probably -

to unaccounted-for stray capacitance in the experimental configuration .

Victor van Lint (!~~~) indicated that an emitter follower
could be designed which could work in the radiation environment. S

Subsequently, an emitter follower , built to his specification , was
- 

~
- constructed , but the results obtained by using it seem inconclusive .

Also, van Lint suggested another measurement method by which
S the open-circuit voltage can be determined without actually being

5 measured directly. The method requires two current measurements , first S

with the monitor point short-circuited to ground and then with the
monitor point connected to ground throu gh a variet y of small resistors. 

S

When the peak currents measured are plotted as a function of resistance , 
S

the open-circuit voltage can be inferr ed . This method was tried, but S

the result was somewhat differen t frost that predicted by Van Lint . The
voltage of the gasma-thick body in the experiments may have been S

influenced by boundar y-layer effects so that a determination of the S

open-circuit voltage would require addit ional anal ysis.

Measurements of high-impedance voltage in the AURORA
radiation environment remain inconc lusive . -
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3 .5 Inter action and Coupling Theory

— 3 • 5.1 Mctanqular Configuration
-:

In the December test, a simple quasi-static model was used to
predict (1) the voltage generated between the inne r and the outer boxes
when they were electrically isolated and (2) the current flowing between

S the inner and the outer boxes when they were connected by a wire.

For the voltage calculatio ns , the configuration was treated
as a capacitor being charged . The total charge flowing between the
boxes due to any conductivity in the region between the boxes was
subtracted from the total char ge deposited on the inner box due to the
Compton current • The resultant charge, Q, was used in the equation V =

S 
Q/C to obtain the volta ge generated between the boxes. Since the

- I voltage measurements were unsuccessful , no comparisons between these
calculations and actual measurements were possible.

- For the current calculation s, the current flowing between the
S boxes was assumed to be due entirely to the Compton current intercepted S

by the inner box, and electroma gnetic effects were neglected . As seen
in table I , the results of these calcula tions reasonabl y agree with
experimental results despite the fact tha t only direct interactio n
effects were considered . These calculations are reasonably accurate

S 
only because the wire connectin g the inner and the outer boxes was -

S per-pendicular to the direction of the Compton current flow. If this
wire had been in the same directio n as the Compton current , the H-fie ld
created by the Compton current would have had a significant eff ect on
the coupled current measured . Thus , simple quasi-static models which
consider only direct interaction effects may be quite useful in S

understandin g certain interaction and coupling phenomena observed in
AURORA experiments.

TABL E I .  PEAK COUPLED CURRENT

( I O~ rads ($i)fs) ip e E*perimen ta l Theoretical
curre nt (P.) curren t (A)

3.92 Thl~ k 1 .26 1.82

3.53 Thick 1 .28 1.63

2 .92 Thin 0.28 0.32

3. 5.2 Concentric Cylinders

In the March test , the computer code SAPSC was used to
5 predict the current coupled to the truncated inner cylinder. This code

uses a finite-difference scheme to solve Maxwell’s field equation in a
radiation environment. The Compton source distribution used in the

37 
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calculations has a spacial. and an angular distribution given by S

(cos 0) /R2 , where 0 is the angle between the path of a Compton electron
and the axis of the concentric cylinders , and R is the distance to the
center of the AURORA hot spot. The measured data and the output of this

S code can be compared in figure 19. Theory and experiment disagree
somewhat . Two possible improvements in the theoretical treatment are
(1) the use of more accurate Compton source distributions and (2) the

S incorporation of boundary-layer phenomena. The POEM output , which SAl
is under contract to deliver to MDL , should provide the former

S improvement , and work is presently being done on the latter one.
240
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S Figure 19. ~~ta 1 axial current on inner cylinder.

- 3. 6 Direct versus Electro magnetic Coupling Mode Dominance

The agreement between the crude quasi-static calculation of the
current and the measured current in the concentric box experiment may
app ear trivial • But a calculation that is based on a simple equivalent S

circuit , neglects inductive couplings , and yields a reasonable answer is
useful in the estimation of tactical source region coupling . A purely
capacitiv quasi—static approach to the estimation of the measured
current is valid probably because the wire between the absorber and the
wall of the outer cubic chamber is essentiall y perpendicular to both the
Compton current and the H-field resulting from the Compton current.
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The amount of magnetic energy in the outer box is appreciable ,
but the inductive coupling between the inner gamea-thick absorber and
the H-field is very small. The magnetic energy in the outer container - S

can be estimated. The inductance per unit length due to the partial S

S flux linkages within a round wire can be shown to be
L~~~~i /8w , (17)

where 
~ 

is the permeability of free space. If the square outer box is
approximated with a round box of equal area , the inductance of the

S Compton current passing through the box is given by

L , (18)

where 9. is the length of the box parallel to the Compton current. One S

can compare the magnitude of the capacitive energy between concentric
boxes and the magnetic energy in the outer box That is , ¼cv2 can be
compared with ½L1’. The Compton current through the box is I = JA0 ,
where J is the Compton current density , and A0 is the area of the outer
box.

The energy found is

Lj~j2 = 2,05 x 10 ~ j oules , (19)
and

½L12 2. 50 X 10~~ jou les . (20)

In other words, a significant amount of energy is stored in the H—field ,
but the ener gy is not being coupled into the wire between the concentric
cubes.

In the March tests , the geometry consisted of a cylindrical
gaz~mta—thick absorber inside an outer cylinder . The absorber was
connected by wire to the end plate (fig. 20). The resulting current
measurements were about 5 to 10 times larger than those calculated with
simple quasi—static models that neglect inductance. In this geometry ,
however, the wire connecting the absorber to the outside container was

r parallel to the Co~npton current , Magnetic flux lines encir cled this
wire ; magnetic coupling was indeed possible and important .

Even if inductive and capacitive intera ctions could be
separated only in ideal , experimentally controllabl e geometries (this
limitation is not obvious) , then this ability would greatly simplify the
design and understa ndin g of experiments. When considering lumped
element equivalent circuits of an experimental configuration , it is much
simpler to deal, with resistors and capacitors rather than with

S 
resistors , capacitors , inductors, and transformers. If the lumped
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Figure 20. Inductive coupling .

-r par ameters in the equivalent circuit ar e time varying and nonlinear , the
difficulty with the coupling analysis is of even greater significance .

For example , Van Lint has suggested a simple approach to the
- det ermination of the volta ges of the electrical ly free-floatin g

ga a—thick absorber : (1) Insert different value s of resistance between
- : the g~~~a-thic k absorber and the outer container. (2) Measure the

S -~ current passing through the resistance between the absorber and the
outer chamber when the concentric configuration is subjected to an

- AURORA pulse. Neglecting inductive effects , one can limit the - S

S 
40
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equivalent circuit to a current source (the intercepted Compton current)
feeding two parallel resistances , (1) the ionized gas, R as’ and (2) the
inserted resistance , R~5. In short , van Lint ’s suggesti~n can be used
without complex computer codes. If the intercepted Compton current is
given by 1Compton’ then Vfree = R~gasIcompton can be measured . It is
easy to show by simple circuit theory that the current probe measures

1probe = Vfree / (Ri~ + Rgas) • (21)

One can measure ‘probe and Rio. Therefore , a number of measurement s
should overdetermine Rgas and Vfree . Actually , since Rgas is a S

time-varying function of the E— field , analysis is more complicated , but
S not as complicated as if one had to consider also magnetic effects .

3. 7 Data Reduction

The following procedure is used to analyze the dat a taken
during AURORA experimer ..s: The oscilloscope pictures are digitized , and
the digitized information is stored on a computer disk file. This
informatio n is read into a program which plots the data. The plot is
compared with the oscilloscope picture , and any needed corrections are
made to t~ie digiti zed data. The digitized information is then read off S

the disk file by a computer code (developed at HDL) which S

(1) numerically transform s the digiti zed data into the freq uency domain ,
(2) multiplies the frequency domain representation by the appropriate 

S

transfer function , (3) transforms this information back into the time
domain , (4) multiplies the result by the appropriate sensor response and

S 
conversion factors , and (5) plots the resultant informat ion. The
plotted information represents the time histories of the actual fields ,
currents , etc., occurring at the sensor locations during the AURORA
tests , not merely measured voltage at the oscilloscope . These plots are
then compared with theoretical predictions of test results ,

The transfer function used in the computer code is found
exper imentally . The sensor—cable-balun system used to make a S

measurement at the AURORA Facility is reassembled at the HDL Wocdbridge
Research Facility , and its frequency response is measured with a network

S analyzer to provide the transfer function .

3. 8 Measurement of Electric Field Produced by Electrically Free
Floatir.g Pig

One of the reasons for performing the electrically free
float ing pig experiments is to investigate the possibility of cnarging a
gamma—thick target and using it to enhance the E’-field in a given
volume. The behavior of the pig potential also might explain the

S behavior of a boundary layer as pro posed by Longmire.2 Mother reaso n
2~~ L. Longm.ire, Direct Interaction Ef f e c t  in EMP , Air Force ~~apons

Laboratory, EMP Interaction Note 69 (November 1973).
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for performing the series of pig experiments is that , unlike the pie-pan S

experiment, the potential of the pig is a function of time during arid
S after the AURORA pulse. The potential on the pig and , therefore , on the

boundary layer builds up during the first part of the AURORA gasmia
pulse. If the E-field measurements are being interpreted correctly , the S

boundary layer collapses after the AURORA pulse ceases. The collapse of
the boundary layer in a bremastrahiung free environment could be
interpreted regarding the physics of the boundary layer . -r

For the measurement s described in thi s report , sri sensor was 
S

used . Unfortunately , the results are confusing .

S Assuming that the conductivit y (a) in equation (15) is 0, one 
-

S 
obta ins S

f~ II d V  1S E _ J O dt
L~.a~.r + ,~~ R

V( t )

1f t  IdV D , 
S

~~j 0dt 1 r +~~~~~~V(t )

I ft 1~.!_ .+ 
V(t ’)l (22)D J0 ldt ’ CR J ’

11 where U is the distance between the sensor plate s and B is the E—fiel , S

F 
between the plates. If CR > It , one obtains (when the boundary layer S

can be ignored )

S 

5 

(23)
= —

To obtain a situation in which a — 0, a parallel-plate B-field sensor
S (fig. 21) was - put behind a 22.9-om-thi ck Pb pig as shown in figure 22.

S The pig served as a gamma shie ld . The measurements were carried out
S with two different gases in the tank , ai r and SF6. The fie ld sensor was S

positioned at several locations along the axis of the cylinder between S

- - the pig and the back wall . The voltage of the pig was determined by
integrating the experimentally determined value s of the B-field. S

Some of the results of th . exper imental measurements are shown 
S

in figures 23 and 24. These two measurements were taken with th . sensor
shown in figure 21, 2.54 om away from the back plate of the outer tank.
This position is favorable because the B Vectors would be perpendicular

j 
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S Figure 21. Whittaker t sensor .

to the back plate and , therefor e, perpendicular to the B-field sensor .
In. - *Uu~ of the B sensor meamiirementa implies about 20,000 V

between the pig and the outer cylinder .

In an effort to check our B-field measurements and also to

investi gate possible simula tion techn iques , the pig was subjected
(fig . 25) to an AURORA gamea puls. while the pig was ch*rgsd to (1)

+2000 V and (2) -2000 V. The- time constan t of the power supply
isolat ion was appr oximately 1 $ • The results of the.. * and integrated

~ measurements are not consistent with an inter pretation of the B-field
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Figure 24. Integration of E sensor response.

- - sensor that neglects the effects of a boundary-layer formation at the
S grids of the Whittaker ~ sensor. Th. bias of ±2000 V has a much sore S

significant effect than one would expect if the Compton current produced
by AURORA brsnsstrahlung were really charg1~ng the pig., to 29,000 V.

I bepending on the sign of the bias , the 2000-V bias either increases or
decreases the E-field measurements by about 50 percent. If th. pig were

• 
S reall~! charged to 20 ,000 V , the 2000 V bias should not have sore than a

10—percent effect, A possibl. explanation of this disparity is the
formation of a boundary layer on the sensor plate . The boundary-layer
effects may have been increased by the grid structure of the * sensor.

- - Although no definitive conclusions (based solely on any of
these exper iments) can be drawn concerning the feasibility of using a

I g~~~a—thick absorber as an B-field enhancer , the results lend insight
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into the phenomena of ganmia-thick body charge collection and also

S 
indicate acme of the potentia l engineerin g problems associated with
using this as a method of simulation . These tentati ve indications are
siwi~*rized below.

Because of the lar ge conduction current term in equation (12) ,
the significance of the * sensor ii hard to understand when it is

• surrounded by ionized air produced by gamea rays in the open AURORA t.St
• cell. The straightforward integration of the B sensor yields ra ther

large valu es of B. Boundary-layer effects also may be present .

I ~~ shield the * sensor, it was placed behind a pig, and thus

F the significance of the conduction between the grids was reduced. The

results of the integrated B-fields in air implied a very large pig
voltage.

The gas conductivit y was reduced furthe r when the tank was
filled with 

~~6• ~~ resulting t measurements were large , as expected .

The pig was charged to 2000 V and subj:c ted to the AURORA

radiation. The results of the biasin g appear to he inconsist ent with
the lar ge B-fields iap1~.d by the measureme nts when the pig was not
biased .

In light of the - potential problems of boundary-layer
interference in B-field measurements, a possible solution may be to use
thin foils as the plates of the * sensor.
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4. PLANS

In FY77, the major goals of TEMSEP to be fulfilled at MDL will
continue the efforts of the study described in this report s

a. To develop adequate instruaentat~ion to experimentally
char acterize the electromagnetic environment in the AURORA test cell .

b. To make the necessary measurements and perform theoretic al
calculations to fully and adequate].y characterize the electr omagnetic
environment in the AURORA test cell . S

c. To develop an exper imental ly verified theoretical sodel for
boundary-layer phenomena and determine the significance of such
phenomena in tactic al sour ce-region situations of interest.

d. To theoretically determ ine the requirement for
self—consistent interaction and coupling calcul ations for tactical
source-region situat ions .

e. To develop an experimentally verified library of
source-region coupling codes for tactical system applications.

f To specify a technically feasible sodification of the
AURORA Facility for simulating worst-case source-region EMP environments
of tactical interest . The simulation concept will be formulated in an
attempt to accomodate both controlled diagonal experiments (oriented
toward coupling code verificat ion) and limited system or subsystem
tests.

g. To perform state-of-the-art vulnerability estimates and , if
t necessary, make hardening recoemendations for the AN/PRC-77 Radio Set

and M/T~~-l45 Radio Terminal Set by using the existing EMP
surviva bility cri ter ia for tactical endoa teospheric threats.

• I
k
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